We investigate the estimation of channel parameters from the receiver equalizer taps after CMA, in a 8,000km 30x120Gbit/s PM-QPSK transmission system experiment. We also show long-term results of joint measurements of BER, DGD and PDL. 
Introduction
The development of increasingly sophisticated high-capacity and long-distance optical networks requires the introduction of new efficient performance monitoring techniques 1 . One of the advantages of using polarization-multiplexed (PM) modulation formats together with polarization diversity coherent receivers (Rx) followed by digital signal processing (DSP), is the possibility of using the adaptive equalizer filter taps to monitor the characteristics of the transmission link. In fact, it has recently been demonstrated by simulations and short reach experiments that the Rx equalizer filter taps can be used to estimate chromatic dispersion (CD), differential group delay (DGD) and polarization dependent losses (PDL) [2] [3] [4] . In this work, after reviewing the theory at the basis of the estimation of the channel parameters, we test the monitoring on a ultra-long-haul system experiment in which thirty 120 Gbit/s PM-QPSK channels with high spectral efficiency (SE) are propagated over 82 recirculations of a loop composed of 98 km of pure silica core fiber (PSCF-ZPLUS ) with EDFA and Raman amplification.
Theory
In this section we describe the estimation algorithms that have been used to obtain the results shown in the following sections.
The schematic of the coherent Rx 5 is shown in Fig.1 . The Rx front-end includes a local oscillator E LO (t) that is mixed to the incoming signal E(t) in two 90
• hybrids. Four balanced photodetectors are used to detect the received signal components. The four photo-detected signals are sampled by four ADCs, generating the digital signals e Ix (n), e Qx (n), e Iy (n), e Qy (n).
A DSP section follows, consisting of a first stage, which performs CD compensation, and a second stage, composed of four complex finiteimpulse-response (FIR) filters in 'butterfly' configuration, which recovers the polarization frame and performs post-equalization. It is driven by the constant modulus algorithm (CMA) 5 and is followed by a Viterbi-Viterbi stage for phase recovery. The second stage equalizer can be represented as a 2x2 matrix of complex FIR filters W(n), with the index n running over the filter taps, n = 1, 2, . . . N.
( ) The filter transfer matrix W(f ) is obtained by discrete Fourier transform of the time-domain digital filter matrix W(n). When the equalizer is fully converged, W(f ) is the inverse of the channel Jones matrix J: W(f ) = J −1 (f ), which also comprises the "bulk" dispersion compensation performed by the first-stage equalizer. It can be easily shown that the inverse channel represented by W has the same DGD, the same PDL and the same absolute value of residual CD (opposite sign) with respect to the channel J. Theory 6 says that any W(f ) can always be decomposed as follows:
where U is a unitary matrix accounting for the inverse channel DGD, P is a Hermitian matrix accounting for the inverse channel PDL, the exponential scalar factor is the inverse residual CD, and H(f ) is approximately the inverse of the electro-optical system scalar transfer function, taking into account any bandpass filtering during transmission or low-pass filtering after demodulation at the Rx. Note that to obtain the actual trasfer function of the system, the shape of the transmitted pulses spectrum should be removed from H(f ).
A few matrix calculations exploiting the proper- ties of unitary and Hermitian matrices lead to the following result for PDL:
If λ 1 (f ) and λ 2 (f ) are the eigenvalues of the matrix T(f ), PDL can then be evaluated as 6 :
For CD estimation, from Eq.(1) we get:
det {U(f )} (4) where 'det(·)' is the determinant operator. Since U is a unitary matrix (detU=1), the phase of the above expression becomes:
The value of the residual CD β 2 is easily found from Eq.(5) by parabolic fitting, taking into account that the phase of the transfer function H(f ) is odd about the origin.
The modulus of H(f ) can be immediately computed as:
while its phase can be obtained from Eq.(5). Finally, to estimate DGD, one need to first find the matrix U(f ) by inverting Eq.(1). DGD is then found as 2 :
Experimental Set-Up Description A simplified schematic of the experimental setup is shown in Fig. 2 . A standard 30 Gbaud QPSK WDM signal with carriers spaced 66 GHz was generated using a Nested Mach-Zehnder (NMZ) modulator. This WDM signal was then narrow-filtered using a reconfigurable Finisar optical Waveshaper filter, capable of generating all passbands at once. All fifteen QPSK subcarriers were then launched into an optical frequencydoubler, comprising a pass-through branch and a frequency-shifter (FS) branch. The latter includes a NMZ modulator operated as a FS, configured to shift the fifteen input subcarriers by 33 GHz. The pass-through and FS branches were delayed for decorrelation and then combined to form a 30-subcarrier, 33-GHz spaced QPSK-modulated signal. This signal was then polarization-multiplexed to form a 30-subcarrier PM-QPSK signal. Each PM-QPSK subcarrier carries 120 Gbit/s.
The signal was then launched into a recirculating fiber loop consisting of 98.1 km of uncompensated PSCF Z-PLUS with total loss of 17.6 dB and effective area about 110 µ 2 . Nominal dispersion at 1550nm is 20.6 ps/nm/km with slope 0.06 ps/nm 2 /km. Backward Raman amplification was used with a net gain of 9.2 dB. The loop included a dual-stage EDFA as well. A gainflattening filter, the loop acousto-optic switch and the 3 dB coupler were inserted between the EDFA first and second stage. The Rx has a standard set-up for coherent reception, with a LO and two 90-degree hybrids. The eight outputs of the two hybrids were detected using linear-amplified dual-balanced photodetectors with 30GHz bandwidth. The Rx tunable optical filter had a wide 5 nm bandwidth and did not provide for any subcarrier selection, which was performed by tuning the LO. The four photodetectors electrical signals were digitized at 50GSa/s using a Tektronix DPO71604 real-time scope and enters a standard DSP module (see Fig.1) , with a first CDcompensation stage followed by a 25-taps MIMO stage.
Channel estimation results
Thirty 30 Gbaud PM-QPSK sub-carriers spaced 33 GHz were transmitted over 8,000 km of PSFC fiber (82 recirculations), obtaining BER values ranging from 3 · 10 −3 to 10 −2 . For each subcarrier, the performance monitoring algorithms have been applied to estimate CD, PMD, PDL and |H(f )|
2 . An example of the plots obtained for subcarriers 18 and 28 is shown in Fig. 3 . The plots relative to the estimation of PDL, DGD and CD are shown only in the range [-15 ,15] GHz, since the values that fall outside the cut-off bandwidth of the Rx are not significant. The lower left plot shows the estimated electro-optical transfer function of the system. This plot can be used as an indicator of the correct tuning of the Tx laser and the optical shaping filter: if the passband of the filter is not centered at the laser emitting frequency, the plot of |H(f )| 2 is asymmetrical (see Fig. 3 ,
dashed line). Fig. 4 shows the values of CD measured for all 30 channels, from which a slope of 0.057 ps/nm 2 /km can be extrapolated, very close to the nominal 0.06 ps/nm 2 /km reported in the datasheets. Figs. 5 and 6 show the results of long-term measurements (several hours) in terms of DGD and PDL at f = 0. The values of measured BER are also shown for reference.
We have verified through simulations that the monitor is able to estimate the correct PDL value regardless of the relative angle between the signal state of polarization (SOP) and the PDL axis, while the monitored DGD value depends on the direction of the signal SOP with respect to DGD vector (the estimated value may vary from 0 to the actual DGD). The variations of DGD in Fig. 6 are mainly due to this effect and consequently are not related to the value of BER, since DGD can be completely compensated for by the equalizer. On the contrary, the estimated values of PDL in Fig. 5 correspond to the actual PDL present in the system at time of measurement and are strictly related to the values of BER: while the effects on PDL on the signal power variations can be compensated for by the equalizer, the performance is nevertheless degraded by the effects of PDL on noise. Note that such high values of PDL (up to 5-6 dB) are due to the specific transmission setup, made of a large number of recirculations of identical single-span links. 
Conclusions
We have shown an experimental demostration of channel estimation based on the use of coherent receiver equalizer taps in a ultra-long-haul highcapacity WDM transmission scenario, characterized by high values of PDL and DGD.
